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ABSTRACT
We consider some observational consequences of replacing all black holes (BHs) with a class of non-singular
solutions that mimic BHs but with Dark Energy (DE) interiors; GEneric Objects of Dark Energy (GEODEs).
We focus on the BH mass function and chirp-mass redshift distribution of mergers visible to gravitational wave
observatories. We incorporate the GEODE blueshift into an initially Salpeter stellar remnant distribution, and
model the binary population by evolving synthesized binary remnant distributions, published before LIGO’s
first measurements. We find that a GEODE produced between 20 < z < 40, and observed at z ∼ 7, will have
its initial mass amplified by 18 − 134×. This can relieve tension between accretion-only growth models and the
inferred masses of BHs in quasars at z & 6. Moreover, we find that merger rates of GEODE binaries increase
by a factor of ∼ 2× relative to classical BHs. The resulting GEODE mass function is consistent with the most
recent LIGO constraints at < 0.5σ. In contrast, a Salpeter stellar distribution that evolves into classical remnants
is in tension at & 2σ. This agreement occurs without low-metallicity regions, abnormally large progenitor stars,
novel binary formation channels, or primordial object formation at extreme rates. In particular, we find that
solar metallicity progenitors, which produce 1.1 − 1.8M remnants, overlap with many LIGO observations
when evolved as GEODEs.
Keywords: quasars: supermassive black holes — stars: binaries — stars: black holes
1. INTRODUCTION
Advanced LIGO and other planned observatories (e.g.
Dwyer et al. 2015) are providing an unprecedented census
of compact objects. Information on the population of black
hole (BH) binaries is expected to inform models of core-
collapse supernovae, binary system formation, and accre-
tion/feedback mechanisms during subsequent evolution. In
the typical scenario (e.g. Dominik et al. 2012), a progeni-
tor binary stellar distribution at some redshift z is processed
via common envelope and core-collapse physics into a rem-
nant distribution. In this way, tomographic information on
the black hole mass function (BHMF) can be used to con-
strain the formation and growth of compact remnants. The
usual assumption is that the remnant objects are traditional
BHs, which do not intrinsically evolve in time.
There are, however, alternative models to traditional black
holes. One such family of models are the GEneric Object of
Dark Energy (GEODE) models, in which black hole interiors
are described by a dark energy equation of state. The simplest
Corresponding author: K. S. Croker
kcroker@phys.hawaii.edu
example of a GEODE is the de-Sitter sphere, first proposed
by Gliner (1966) as a non-singular end stage of stellar grav-
itational collapse. Another example is the cosmologically
embedded point-mass of McVittie (1933). This solution is
one of the few known spherically symmetric strong solutions
with realistic asymptotic behavior. Another important exam-
ple of a GEODE solution is the gravastar; formed in the limit
of a radially decreasing sequence of Schwarzschild constant
density spheres (Mazur & Mottola 2015). Such thin-shell
GEODEs are stable to rotations (e.g. Chirenti & Rezzolla
2008; Uchikata & Yoshida 2015; Maggio et al. 2017) and
perturbations (e.g. Visser & Wiltshire 2004; DeBenedictis
et al. 2006; Lobo 2006). Finally, it is notable that GEODEs
are not restricted to gravitational collapse, and can include
“vacuum bubbles,” or isolated regions of energized vacuum
(Berezin et al. 1987). These are examples of GEODEs, which
need not be static or even stationary.
Though observational signatures for GEODEs have been
developed, they tend to be model dependent and degener-
ate. For example, Cardoso et al. (2016) caution that ring-
down may not suffice to distinguish extremely compact ob-
jects from classical BHs. This has motivated investigations
(e.g. Cardoso & Pani 2017) into possible echos from after
binary mergers, as well as into possible optical signatures
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from accretion disks (e.g. Harko et al. 2009), surface lay-
ers (e.g. Broderick & Narayan 2007; Lu et al. 2017), and
direct lensing (Sakai et al. 2014). Through efforts like the
Event Horizon Telescope (e.g. Lu et al. 2014; Broderick et al.
2014), these signatures may soon become accessible. There
is, however, a fundamental property of GEODEs that leads to
complementary and testable consequences. Croker & Weiner
(2019, §4) establish that the members of any GEODE popu-
lation, with non-vanishing averaged pressure, will cosmolog-
ically shift in energy. In this paper we quantify and explore
these consequences for GEODEs with initial mass . 100M.
In §2, we review the cosmological energy shift relevant for
a GEODE. We then present order of magnitude estimates to
motivate our subsequent treatment and predict the apparent
black hole mass function (BHMF) from first principles. In
§3, we derive the influence of local mass growth on bound
Keplerian orbits involving one or two GEODEs. In §4, we
determine the observational consequences for gravitational
wave observatories of both of these aspects of GEODE evo-
lution. In §5, we briefly conclude. Appendices A and B
develop a theoretical apparent BHMF, given an underlying
GEODE population. Appendix C develops a distribution
function in redshift for stellar production. Appendix D de-
velops coarse LIGO detector selection criteria, as a function
of chirp mass and merger redshift. Appendix E studies low-
metallicity progenitor binary GEODEs. Consistent with as-
trophysical literature, all densities and pressures will be co-
moving. In other words, physical densities are multiplied by
a3 so that an ideal comoving dust density remains constant.
We often work in units where the speed of light c ≡ 1 and
we have used the (−,+,+,+) signature. Since we reference
it frequently, we abbreviate the first gravitational wave tran-
sient catalog produced by the LIGO Scientific Collaboration
et al. (2018) as GWTC-1.
2. THE GEODE COSMOLOGICAL BLUESHIFT
Any GEODE population contributes to the cosmological
energy density as
ρs(η) =
1
V
∫
V
∑
i
ρi(η, x) d3x. (1)
The above integral is expressed in RW coordinates with con-
formal time η,V is a suitably chosen cosmological volume, i
sums over all GEODEs enclosed inV, and ρi is zero outside
of the i-th GEODE. As shown by Croker & Weiner (2019,
Eqn. (44)), such a GEODE population also contributes an
averaged pressure
Ps(η) ≡ (−1 + χ)ρs(η), (2)
where χ encodes details of the particular GEODE model.
Given depletion of baryonic density ∆b(η) through stellar
gravitational collapse to GEODEs, conservation of stress-
energy at zero order in Friedmann cosmology takes the fol-
lowing form
dρs
da
+ 3(χ − 1)ρs
a
=
d∆b
da
. (3)
The conservation of energy statement in Eqn. (3) can be im-
mediately integrated for fixed χ
ρs = a3(1−χ)
∫ a
0
d∆b
da′
1
a′3(1−χ)
da′. (4)
Note that, as χ→ 1, ρs behaves as dust. As χ→ 0, however,
the comoving density grows as a3. This is characteristic of
DE: its physical density does not diminish with the expan-
sion.
To develop some intuition for Eqn. (4) we consider a se-
quence of burst formations
d∆b
da
≡
∑
n
Qnδ(a − an), (5)
where Qn is the comoving density of baryons instantaneously
converted at an. Substitution into Eqn. (4) gives
ρs(a) =
an6a∑
n
Qn
(
a
an
)3(1−χ)
. (6)
Explicitly, at the instant of the m-th conversion am, we have
the following comoving density of DE
ρs(am) = Qm +
an<am∑
n
Qn
(
a
an
)3(1−χ)
. (7)
Thus, at the instant of conversion, ρs agrees with a spatial
average over the newly formed GEODEs’ interiors. In other
words, a quantity of baryonic mass has been converted to an
equal quantity of DE. Beyond the instant of conversion, how-
ever, the contribution due to GEODEs dilutes more slowly
than the physical volume expansion.
To understand this slowed dilution, we may write Eqn. (1)
for these burst productions
ρs(a) =
1
V
∫
V
an6a∑
n
∑
in
ρin (a, x) d
3x. (8)
Here in indexes over GEODEs produced in burst n. Perform-
ing the spatial integral gives
ρs(a) =
1
V
an6a∑
n
∑
in
Min (a), (9)
where Min (a) is the mass of the i-th GEODE produced in
burst n, at time a. Noting that
Qn =
1
V
∑
in
Min (an), (10)
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Eqn. (6) becomes
ρs(a) =
1
V
an6a∑
n
∑
in
Min (an)
(
a
an
)3(1−χ)
. (11)
Finally, equating Eqn. (9) and Eqn. (11) reveals that
Min (a) = Min (an)
(
a
an
)3(1−χ)
. (12)
If we set χ → 0, the mass grows as a3. In other words, an
inertially propogating GEODE cosmologically blueshifts.
There is ample precedent for such general relativistic ef-
fects in RW cosmology: an inertially propogating photon
cosmologically redshifts. Note that the Strong Equivalence
Principle (e.g. Will 1993, §3.3) is not violated, because a
quasilocal Lorentz frame cannot be defined on cosmological
timescales. There is precedent in GR for cosmologically cou-
pled evolution within compact object models. For example,
Nolan (1993) constructs an O(1) interior source which joins
correctly to the arbitrary FRW-embedded point mass solution
of McVittie (1933). Its interior densities and pressures evolve
cosmologically1.
In the scenario described by Eqn. (3), this shift occurs to
all material in a RW cosmology described by GR, but it is
only relevant to ultra-relativistic material. For example, con-
sider the core of a typical star. By ideal gas arguments, core
material has an equation of state w ≡ χ − 1 such that
1 6 χ . 1 + 10−7. (13)
This means that, between z = 1 and today, the gravitating
mass of a star will decrease, at most
M(0) = M(1)2−3×10
−7
= M(1)
(
1 − 2 × 10−7
)
. (14)
The change is minuscule. This means the change for typical
stars, planets, and gas is completely unobservable even on
cosmological timescales.
2.1. Order of magnitude estimates
Before detailed analysis of the GEODE blueshift, we con-
sider observable situations that can be quickly treated with
order of magnitude calculations. This will establish measure-
ments that can confirm or exclude the GEODE blueshift.
2.1.1. Low-redshift mass boundaries
We first examine the effect of the GEODE blueshift on the
low-redshift stellar remnant population. To do so we consider
1 In the case of Nolan’s solution, they evolve so as to keep the mass of the
object fixed. This follows from constraints imposed by McVittie in the
construction of his original solution. His specific intent was to keep the
mass fixed.
a GEODE of mass 1.5M produced at zi = 2. This mass
is typical of the expected initial mass of remnants of high-
mass stars (e.g. Fryer et al. 2012) while the redshift is within
the peak of the comoving star formation rate density. If this
GEODE is then observed at zobs = 0.18 then the mass arising
solely from the GEODE blueshift will be
1.5M
(1 + 2)3
(1 + 0.18)3
= 24.65M. (15)
The GEODE blueshift will thus have a profound impact on
the low redshift remnant population, decreasing the number
of low mass objects.
For example, blueshift is expected to grow remnants to
masses m ∈ (50, 135) M. This is to be contrasted with
results from stellar evolution and core collapse models that
predict no such remnants. In the GEODE scenario, however,
objects in excess of 50M may be present at low redshifts, as
they can form from, e.g., a 3M remnant produced at zi = 2.
Whether such objects can be observed in mergers is a more
subtle question, addressed at length in §3. In any case, the
existence of large-mass remnants at low-redshift cannot be
used directly to make inferences about core collapse physics.
2.1.2. High-redshift quasars and supermassive black holes
The observed masses of supermassive black holes
(SMBHs) in quasars at high redshift is in tension with the-
oretical expectations. The GEODE blueshift can help relieve
these tensions. Roughly 40 quasars at z > 6 with mass
> 109M have been observed (e.g. Mortlock et al. 2011;
Willott et al. 2003; Wu et al. 2015). As reviewed by Volon-
teri (2012), the production of such objects poses significant
challenges to theoretical models, requiring some combina-
tion of effects such as sustained super-Eddington accretion,
and runaway collapse of nascent star clusters. The GEODE
cosmological blueshift will however contribute a factor of
(zi + 1)3
(7 + 1)3
(16)
to the object’s mass at zobs = 7. For a rare but still feasible
zi = 40 object, this gives a mass amplification of 170×. This
is a lower bound, because accreted mass during 7 6 z 6 zi
will also blueshift. For GEODEs at zi = 20, the lower-bound
mass amplification is a still-significant 23×. Moreover, the
existence of these rare objects does not meaningfully influ-
ence ΩΛ. Assuming a number density of 0.3 Gpc−3 at z = 6
(Jiang et al. 2016) and an average mass of 109 M, this be-
comes 0.3 M ·Mpc−3. This compares negligibly to the crit-
ical density today of 1.5 × 1011 M ·Mpc−3.
Assuming the same number density and average mass at
z = 6 as above, then, at z < 0.2 (Gpc comoving), we ex-
pect to observe at least seven objects with masses of at least
2× 1011M. This lower bound comes from assuming growth
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soley via the GEODE blueshift. This is a factor of at least
two more massive than the most massive black hole currently
known in the nearby universe, reported by Dullo et al. (2017).
Large-scale surveys of apparent BH mass demographics in
the low redshift universe are thus a straightforward way to
test the GEODE hypothesis.
The GEODE scenario also argues against accretion as the
dominant growth mechanism for less extreme GEODEs in
galactic centers. Consider a 10M GEODE at zi = 20 that
grows soley via the GEODE blueshift. The mass of this ob-
ject at z = 0 is
10M(1 + 20)3 = 0.9 × 105 M. (17)
This is within a factor of 20 of the current mass of the super-
massive BH Sgr A*, and implies that mergers, accretion, and
the GEODE blueshift all play a role in growing SMBHs in
all types of galaxy.
2.2. Theoretical GEODE mass function given a Salpeter
progenitor distribution
The previous order of magnitude observations motivate
construction of a theoretical model for the mass and redshift
distribution of GEODEs. We construct such a model in Ap-
pendices A and B. This model assumes no mergers or accre-
tion, and that the remnant formation rate tracks the mean den-
sity in stars ρ∗. We assume that the initial remnant mass dis-
tribution tracks a progenitor Salpeter m−α distribution, with
α = 2.35 constant in time. This model, given in Eqn. (B21),
is completely independent of any LIGO BH measurements.
Evaluated for a χ = 0 GEODE population, we find
dn
dm
∝ m−αa3(α−1)
∫ amin[1, (mh/m)1/3]
a(m`/m)1/3
dρ∗
da0
a3(1−α)0 da0, (18)
where m` and mh are the lower and upper cutoff masses for
the initial remnant distribution, respectively. Distributions
computed for z = 0.2 and z = 0.05 are displayed in Figure 1,
where we have set m` = 1.1M and mh = 15M consistent
with the range of remnants studied by de Mink & Belczynski
(2015).
The qualitative features described in §2.1 are evident in
Figure 1, where the mass function grows more top heavy
upon approach to the present epoch. Promising agreement
with the measured α reported in GWTC-1, §VIIB, is appar-
ent. Note that these curves are upper bounds on α, since
mergers and accretion have been neglected. The jump dis-
continuity at mh = 15M is due to the capped remnant dis-
tribution assumed in Eqn. (B20). It reflects that the produc-
tion of remnants below mh is a combination from an initial
population and a blueshifted population with initially smaller
mass. Masses above mh can only result via blueshift. The
results are not particularly sensitive to α or mh, but are some-
what sensitive to m`.
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Figure 1. Slope of the log-log plot of apparent black hole mass
functions (BHMFs), given a χ = 0 GEODE population. In this plot,
pure power-laws appear as horizontal lines and the vertical axis is
inverted. Predicted BHMFs assume an initial remnant population,
which directly tracks a constant Salpeter α = 2.35 progenitor dis-
tribution (thin dashed). Upper mass cap for the initial remnant dis-
tribution is mh = 15M (thin dotted). The predicted BHMFs evolve
in redshift and are labeled accordingly. These predictions neglect
mergers and accretion, so the indicated curves give upper bounds
for the effective power-law α. The GWTC-1 sample of N = 22
primary/secondary binary pair masses is indicated beneath the plot,
with uncertainties at 90% confidence. All GWTC-1 BH-BH merg-
ers occurred within or near the indicated redshifts. The LIGO best
fit power-law to this sample is α = 0.4+1.3−1.9 indicated in orange (dark
gray) at 90%. It is in tension with a Salpeter distribution at & 2σ.
From even this very simple model, we may predict that
• maximum likelihood fits for the α in Eqn. (B21) will
regenerate α ∼ 2.3, inherited from the stellar IMF
• the errors on these fits will be smaller than those for α
fit against m−α alone
• the measured distribution evolves in redshift
In summary, investigation of the mass function is definitive
for identifying the GEODE scenario.
3. GEODE BLUESHIFT INSPIRAL IN BINARIES
The cosmological mass gain of GEODEs will significantly
alter their Keplerian orbits within double compact object
(DCO) systems. In this section, we first show that the ef-
fect is an adiabatic inspiral. We then show how to incorpo-
rate this effect into existing gravitational wave orbital decay
equations, in the linearized gravity regime.
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In any DCO involving a GEODE, the masses are changing
in time, but the Lagrangian contains no explicit orbital angle
φ dependence. This guarantees that angular momentum L
remains conserved. While energy is no longer conserved due
to explicit time dependence in the mass, the change is always
negligable over one orbital period. It follows that the squared
angular momentum is still given by the typical (e.g. Landau
& Lifshitz 1960, Eqns. (15.4), (15.6)) expression
L2 = GR(1 − e2)µm1m2, (19)
where µ is the reduced mass
µ ≡ m1m2
m1 + m2
, (20)
G is the gravitational constant, R is the semi-major axis of
the elliptical orbit, and e is the eccentricity. We conclude that
R(1−e2) must change inversely to µm1m2 to keep the angular
momentum constant.
To determine the relation between R and e, we use the the-
ory of adiabatic invariants. Sivardie`re (1988) constructs two
simple adiabatic invariants for the Kepler problem
Jφ ≡ 4pi
2µRb
P
J ≡ 2|E|P, (21)
where b is the semi-minor axis of the ellipse, E is the energy,
and P the orbital period. Their ratio is necessarily invariant
Jφ
J
=
4pi2R3
P2
µ
2|E|
b
R2
. (22)
Here we have multiplied and divided by R2 and grouped for
clarity. Substitution of Kepler’s third law gives
Jφ
J
=
Gm1m2
2|E|
b
R2
. (23)
Finally, because
R =
Gm1m2
2|E| , (24)
we find that
Jφ
J
=
b
R
(25)
is invariant. We conclude that the shape of the ellipse, and
therefore e, is unchanged during GEODE blueshift inspiral.
Solving for R gives
R =
(
L2
G
)
m1 + m2
(m1m2)2 (1 − e2)
. (26)
Let the primary mass m1 and secondary m2 < m1 possibly
blueshift according to Eqn. (12). We will approximate neu-
tron stars and all non-GEODE objects as intrinsically fixed in
mass2. We will only consider pure de-Sitter GEODEs. These
two conditions are reflected as follows
χ '
1 NS0 GEODE . (27)
We then find the following behaviors for the semi-major axis
R(a) =
L2
G(1 − e2)

m1 + m2
(m1m2)2
NS-NS
m1(a/a1)3 + m2
(m1m2)2
(a1
a
)6
NS-GEODE
m1 + m2
(m1m2)2
(a1
a
)9
GEODE-GEODE
.
(28)
Here a1 is the formation time of the GEODE or GEODEs. In
the GEODE-GEODE case, we have regarded these times as
the same for clarity. There is no loss of generality because
the GEODE’s mass in an NS-GEODE system can be used as
the initial mass of the GEODE-GEODE system
m2
(
a
a2
)3
=
m2 (a1a2
)3 ( aa1
)3
. (29)
In other words, one can just redefine the “initial” mass of
m2 to be its mass at the formation time for the GEODE with
mass m1 for a 6 a1.
The orbital evolution of a DCO, under the influence of both
GEODE blueshift and GW losses is now straightforward. Re-
gard the semi-major axis as R(L, e,m1,m2), so that
dR
da
=
[
∂R
∂L
∂L
∂a
+
∂R
∂e
∂e
∂a
]
︸                ︷︷                ︸
Gravitational radiation
+
[
∂R
∂m1
∂m1
∂a
+
∂R
∂m2
∂m2
∂a
]
︸                        ︷︷                        ︸
GEODE blueshift
(30)
Equations for orbital decay by GW emission in linearized
gravity are given in elementary texts, such as Schutz (2009,
Eqns. (9.167)–(9.168)). These can be converted to scale fac-
tor with 1/aH. Since these equations for dR/da due to GW
emission assume fixed m1 and m2, they can be used for the
GW loss term immediately with substituted time-dependent
masses. The time-evolution of L and e is given entirely by
the usual expressions, again with substituted time-dependent
masses. This follows because, under the GEODE blueshift,
L is conserved and e is fixed.
4. POPULATION ESTIMATES FOR MERGING
BINARIES INVOLVING A GEODE
2 As discussed in Croker & Weiner (2019, §4.2), NSs are expected to exhibit
a very small loss in energy because their averaged equation of state w ∼
0.07. This loss may be accessible to precision timing experiments. At the
precision we consider in this treatment, we may neglect this effect.
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Table 1. Mass ranges within de Mink & Belczynski Z DCO
initial conditions
Initial condition Primary (M) Secondary (M)
BH-BH 5.4 6 m1 6 15 5.4 6 m2 6 15
BH-NS 5.7 6 m1 6 12.8 1.1 6 m2 6 1.9
NS-NS 1.1 6 m1 6 1.8 1.1 6 m2 6 1.6
Note—Remnant masses 1.8M < m < 5.4M were excluded
a priori by restriction to a supernovae collapse engine which
excludes these remnants.
The orbital decay timescale for both NS-GEODE and
GEODE-GEODE binaries due to blueshift is much shorter
than that for GW wave orbital decay until very near to
merger. The effect is cosmological though, so it is never vis-
ible during the final inspiral, merger, or ringdown. This is
a significant effect, which has consequences for the popula-
tion of coalescing NS-GEODE and GEODE-GEODE bina-
ries observable by interferometers. Qualitatively, we expect
two effects. First, the masses of GEODEs will be increased
relative to expected BH remnant masses. Second, the number
of binary systems which are capable of merging is increased.
This is because GEODE binaries at initially larger separation
Ri will inspiral due to GEODE blueshift until they can merge
via GW orbital decay. Competing with this increase, how-
ever, is that inspiral can be rapid enough to deplete GEODE
binaries. In other words, GEODE binaries may now merge
earlier than expected and thus lie outside of detector sensitiv-
ities in amplitude and frequency. The predicted population
of NS-NS mergers should agree with existing estimates, be-
cause we regard NS masses as intrinsically fixed.
To quantify the effect of blueshift on GEODE double com-
pact objects (DCOs), we begin by reviewing the standard
DCO formation scenario. Comprehensive studies by Do-
minik et al. (2012, 2013, 2015) and de Mink & Belczynski
(2015) investigate
1. an initial distribution of stellar binaries in: mass, mass
ratio, period, eccentricity, and metallicity
2. evolution of these binaries through a common enve-
lope (CE) phase, which decays the orbit and allows
mass transfer
3. eventual core collapse/supernova (SN) of both objects
into BHs or NSs
These studies naturally assume that the masses of the con-
stituent compact objects do not intrinsically change. In a
GEODE scenario, following Eqn. (27), this assumption re-
mains valid until one member of the pair has undergone core-
collapse to a GEODE.
4.1. Initial conditions from CE and SN models
To facilitate comparison of the GEODE scenario with the
typical BH scenario, we will use the simulated DCO popula-
tions of de Mink & Belczynski (2015) as initial conditions.
This approach has many advantages. First, this data set con-
tains a wealth of initial conditions over observationally well-
motivated ranges of progenitor parameters. Further, these
progenitor distributions are processed through intricate astro-
physics during the CE phase. Since the resulting DCO distri-
bution may be correlated in remnant parameters, the most im-
mediate comparison to previous work is to use exactly their
same DCO population. Second, this data set uses pre-LIGO
era assumptions based on established observations of stellar
populations. In other words, it is blinded to BH measure-
ments except for these authors’ use of X-ray binary (XRB)
inferred BH masses to preferentially select a supernovae col-
lapse model (i.e. Belczynski et al. 2012). This enables us to
determine the influence of the GEODE blueshift in models
free from the assumption that LIGO’s observed mergers must
be classical BHs. Third, this data set is completely available
to the public and so our assertions can be verified and ex-
tended.
The individual progenitor initial condition data sets are de-
tailed in de Mink & Belczynski (2015, §2.1). We use exclu-
sively the N class models because their results are mostly
insensitive to investigated variations in these models. We
use all three model A data sets: NS-NS, BH-NS, and BH-
BH. These labels indicate the possible mass ranges of rem-
nants, and are displayed in Table 1. Model A includes DCOs
that initiate mass transfer during departure from the main se-
quence (i.e. crossing the Hertzsprung gap). While this al-
most certainly occurs, there is very little observational con-
straint within the Hertzsprung gap, because large stars cross
this gap very rapidly. To accommodate this uncertainty and
develop lower-bound estimates on merger rate, de Mink &
Belczynski (2015) consider a distinct Model B that excludes
these systems. We do not consider model B in this treatment.
In order to produce a GEODE during core-collapse, core
material must be converted into Dark Energy (DE). Since
this process is completely unconstrained at present, the mass
boundary between neutron star and GEODE remnants is un-
clear. In the simulations of de Mink & Belczynski (2015), la-
bels were applied strictly based on final remnant mass. Simi-
larly, LIGO observations at present can only distinguish NSs
from BHs/GEODEs via their chirp frequency. In order to
study the signatures of a lower-mass GEODE population, we
consider all initial conditions as NGEODE = 1 and NGEODE = 2
binaries. For objects that do not intrinsically gain mass,
their creation time does not influence the resulting popula-
tion apart from metallicity effects. This motivates the typical
time-uniform assumption. The GEODE spectrum, however,
depends on when the GEODEs are formed. Due to this time
dependence, the SFR may provide a more accurate represen-
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Table 2. GEODE merger fractions relative to control de Mink
& Belczynski Z DCO populations
Merged fraction
Initial condition NGEODE (actual) (observable)
BH-BH 2 3.91 211
BH-NS 2 2.99 118
NS-NS 2 1.64 36.7
BH-NS 1 1.16 0.206
NS-NS 1 1.48 0.910
Note—The BH-NS initial conditions, with NGEODE = 1 has
N = 7 events after selection. BH-NS with fixed cosmological
mass has N = 34 events after selection. The rate (observed)
for BH-NS thus has large uncertainties.
tation of the underlying population. For each set of initial
conditions, we sample in redshift from a distribution built
from the cosmic star formation rate as given by Madau &
Dickinson (2014, Eqn. (15)). This distribution is constructed
in Appendix C. A time-uniform redshift distribution leads to
few qualitative changes, apart from a preponderance of very
low z < 0.02 mergers in GEODE and control scenarios.
We focus on solar metallicity (Z) initial conditions, since
such progenitors are expected to dominate the stellar popu-
lation. Results for low-metallicity (0.1Z) initial conditions
are given in Appendix E, where we verify the known consis-
tency with control populations and the LIGO sample in mass,
chirp-mass, and redshift.
4.2. Methods
We evolve the DCO initial conditions in redshift accord-
ing to Eqn. (30). These initial conditions have primary and
secondary remnant masses with ranges given in Table 1. Our
control population is built from the same DCO initial condi-
tions, with masses held fixed. Each initial condition is eval-
uated at 100 distinct redshifts sampled from Eqn. (C27). We
limit redshift samples to zi < 4 because GEODEs formed
at high redshift merge at redshifts beyond current generation
detector sensitivities. In simulations with GEODEs, we al-
ways regard the more massive object, at DCO system for-
mation, as a GEODE. We neglect the very short time, rel-
ative to cosmological scales, between formation of the first
and second compact object. We use Python 3.5.3 and inte-
grate via odeint3. We terminate each evolution, via a raised
exception, when its periastron has dropped below 10−2 AU
(merger) or when z < 10−3 (no merger), whichever occurs
first. We then apply selection criteria to the merging pop-
ulation based on the LIGO O1 luminosity distance horizon,
3 all simulation, analysis, and visualization code is available at http://www.
github.com/kcroker/cnf-geodes under GPL v3 licensing. We also include
reference data sets, available elsewhere, for convenience.
Table 3. Predicted rates of Z progenitor remnants vs. LIGO
GWTC-1 rates (90% confidence)
Initial Merger rate (Gpc−3 yr−1)
condition NGEODE Sample GWTC-1
BH-BH 2 109 110 − 3840
BH-NS 2 8.37 110 − 3840
NS-NS 2 100 110 − 3840
BH-NS 1 3.25 < 610
NS-NS 1 90.3 < 610
(C
on
tr
ol
)
BH-BH 0 28 110 − 3840
BH-NS 0 2.8 < 610
NS-NS 0 61 9.7 − 101
converted to redshift and adjusted for unequal primary and
secondary masses. These selection criteria are described in
Appendix D.
4.3. Results
In this section we report the results of processing the DCO
population through Keplerian orbital decay. First, we will ex-
amine merger fractions and rates relative to the control pop-
ulation. This will allow us to verify our qualitative expec-
tations of the GEODE scenario. Then we will present the
BH-BH, BH-NS, and NS-NS initial conditions, evolved with
NGEODE = 2, in detail. We exclude the BH-NS population,
evolved with NGEODE = 1, from detailed consideration. It has
very low statistics (N = 7) due to the development of large
mass ratios.
4.3.1. Merger fractions and rates
The merging fraction of binary initial conditions evolved
as GEODEs, relative to initially identical systems without
cosmological blueshift, are displayed in Table 2. In all cases,
the number of actual mergers increases relative to control.
These increases are greatest when both objects are GEODEs.
This is expected, since GEODE blueshift inspiral allows cap-
ture of objects that could not merge by GW emission alone.
Note that NGEODE = 1 systems are less efficient at capture
than NGEODE = 2 systems, as expected from Eqn. (28).
Observable mergers increase significantly in binary
NGEODE = 2 settings. This is because both objects have sig-
nificantly larger masses at merger, and so their chirp mass lies
within a more sensitive region of the detector. Observable
mergers decrease in binary systems with only NGEODE = 1. In
this case, even though the chirp mass increases, a large mass
ratio develops because only one object blueshifts. This exag-
gerated ratio defeats the sensitivity improvement from higher
chirp mass, as can be seen in Figure 10 and Eqn. (D32).
In Table 3, we present merger rate estimates of binary sys-
tems containing one or two GEODEs. We also include LIGO
GWTC-1 merger rate measurements for comparison. Actual
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Figure 2. Relative abundance vs. source frame mass for the BH-
BH initial conditions of de Mink & Belczynski (2015), evolved to
merger assuming NGEODE = 2. GEODE population is shown in
purple (dark grey), control population evolved with cosmologically
fixed mass is shown in blue (light grey). LIGO/Virgo GWTC-1 cat-
alog overlaid with Poisson errors (black crosses). Populations have
been selected according to LIGO O1 detector sensitivities following
the procedure in Appendix D. Graph is truncated at 50% abundance
for clarity, the control population bin extends to 100%.
merger rates are determined by scaling Dominik et al. (2015,
Table 1, R(0)) standard Z metallicity rates by our com-
puted merger fractions relative to control in Table 2. We re-
strict comparison to these coarse estimates of Dominik et al.
(2015) in order to capture the essential relative features of
BHs vs. GEODEs within coalescing binary systems.
To put this table in context, the standard Z NS-NS merger
rate predicted by Dominik et al. (2015) is 61 Gpc−3 yr−1.
This is in agreement with the GWTC-1 value of 9.7 −
101 Gpc−3 yr−1 and suggests that the analysis of Dominik
et al. (2015) accurately reflects this population. The control
standard Z BH-BH merger rate, however, does not agree
with the GWTC-1 90% range. For NGEODE = 2 binary sys-
tems, BH-BH and NS-NS initial conditions nearly enter the
GWTC-1 90% range. For NGEODE = 1 binary systems, BH-
BH and BH-NS initial conditions remain consistent with the
GWTC-1 upper bound.
4.3.2. Observable GEODE populations vs. LIGO observations
The observable populations of individual objects in merg-
ing binaries, built from the Z metallicity progenitor initial
conditions, are displayed in Figures 2, 4, 6, and 8. Each of
these histograms displays a control population (lighter color)
with NGEODE = 0. Abundance on the vertical axis has been
cropped at 0.5 for visibility. Overlaid as black crosses on
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Figure 3. Merger redshift vs. source frame chirp mass for the
BH-BH initial conditions of de Mink & Belczynski (2015), evolved
to merger assuming NGEODE = 2. Figure axes represent all non-zero
bins. LIGO/Virgo GWTC-1 catalog overlaid with 90% credible in-
tervals (black crosses). Fraction of mergers is encoded by color
(intensity), the total number of events binned is given in the color-
bar label. Populations have been selected (dashed line) according
to LIGO O1 detector sensitivities following the procedure in Ap-
pendix D.
these figures are the binned GWTC-1 primary and secondary
BH masses, with Poisson errors.
The observable populations of mergers, built from the Z
metallicity progenitor initial conditions, are displayed in Fig-
ures 3, 5, 7, and 9. Each of these heatmaps displays the den-
sity of mergers in redshift and chirp mass bins, under the
NGEODE > 0 scenario presented in the paired histogram. The
total number of simulated merger events is given in the color-
bar axis label. Heatmaps are identically zero off of the indi-
cated bin ranges. Overlaid as black crosses on these figures
are the N = 11 GWTC-1 BH-BH mergers, with 90% con-
fidence. The selection criteria developed in Appendix D is
indicated by the dashed line, if visible. Analysis of the raw
merging sample reveals that the observed mass distribution
is not sensitive to selection, apart from a proliferation of ex-
tremely low-mass binaries.
Figures 2 and 3 consider the BH-BH initial conditions,
evolved as NGEODE = 2 binaries. Notice that the neither con-
trol nor GEODE populations agree with GWTC-1 data. The
control population is not massive enough, while the GEODE
population is too massive. In redshift-chirp space, there is
rough agreement in merger redshifts, but the GEODE popu-
lation is too massive.
Figures 4 and 5 consider the BH-NS initial conditions,
evolved as NGEODE = 2 binaries. Again, the control pop-
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Figure 4. Relative abundance vs. source frame mass for the BH-
NS initial conditions of de Mink & Belczynski (2015), evolved to
merger assuming NGEODE = 2. GEODE population is shown in red
(dark grey), control population evolved with cosmologically fixed
mass is shown in orange (light grey). LIGO/Virgo GWTC-1 catalog
overlaid with Poisson errors (black crosses). Populations have been
selected according to LIGO O1 detector sensitivities following the
procedure in Appendix D. Graph is truncated at 50% abundance for
clarity, the control population bin extends to 100%.
ulation disagrees with observation. The bimodal GEODE
populations are clearly visible. Notice that some GEODE
masses begin to align with LIGO observations, but there is
no agreement in chirp-redshift space.
Figures 6 and 7 consider the NS-NS initial conditions,
evolved as NGEODE = 2 binaries. Again, the control pop-
ulation disagrees with observation. This time, however,
all GEODE masses are near to the LIGO observations but
slightly too low. This situation is confirmed in chirp-redshift
space, where 9 of N = 11 LIGO events are captured. In
redshift-chirp space, predicted merger redshifts and chirp
masses are lower than the GWTC-1 events.
Figures 8 and 9 consider the NS-NS initial conditions,
evolved as NGEODE = 1 binaries. This configuration would
represent apparent BH-NS binary mergers. Since LIGO has
not yet measured any such mergers, these figures represent
predictions for this sub-population.
4.4. Discussion
The most immediate observation is that the existing stel-
lar population synthesis codes of Dominik et al. (2012);
de Mink & Belczynski (2015) reproduce well the observed
BH spectrum, if the remnant objects are initially lower mass
GEODEs. Specifically, the NS-NS data set at Z, evolved
with NGEODE = 2, suggests that slightly heavier GEODE
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Figure 5. Merger redshift vs. source frame chirp mass for the
BH-NS initial conditions of de Mink & Belczynski (2015), evolved
to merger assuming NGEODE = 2. Figure axes represent all non-zero
bins. LIGO/Virgo GWTC-1 catalog overlaid with 90% credible in-
tervals (black crosses). Fraction of mergers is encoded by color
(intensity), the total number of events binned is given in the color-
bar label. Populations have been selected (dashed line) according
to LIGO O1 detector sensitivities following the procedure in Ap-
pendix D.
remnants in the mass range 1.8M 6 m 6 5.4M represent a
significant contribution to the GWTC-1 observed population.
This increased initial mass will bring individual GEODEs
and GEODE binary merger chirps into the range bounded
by the BH-BH and NS-NS initial conditions. Further, more
massive objects merge earlier in the NGEODE = 2 scenario.
This increased redshift can be seen in the BH-BH initial con-
ditions. We predict
• initial conditions, which include the mass range
1.8M 6 m 6 5.4M, will give good agreement with
the GWTC-1 observed population when evolved as
NGEODE = 2 binary systems.
This range has typically been excluded based upon obser-
vations of remnant masses in X-ray binaries (XRBs). The
WATCHDOG sample from Tetarenko et al. (2016), however,
contains 5 XRB systems with BH masses < 5M. This initial
mass range is consistent with populations of such objects pro-
duced in the “delayed” SN simulations of Belczynski et al.
(2012, Figure 1).
The next conclusion we may draw comes from Figures 2
and 3. In these figures, initial remnant masses range from
5.4M to 15M. These initial remnant masses lead to ob-
served masses at merger in excess of 50M. In GWTC-1,
there are no observed masses at merger beyond 55M, yet
LIGO has good sensitivity in this range, as shown in Fig-
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Figure 6. Relative abundance vs. source frame mass for the NS-
NS binary population of de Mink & Belczynski (2015), evolved to
merger assuming NGEODE = 2. GEODE population is shown in dark
green (dark grey), control population evolved with cosmologically
fixed mass is shown in yellow (light grey). LIGO/Virgo GWTC-1
catalog overlaid with Poisson errors (black crosses). Populations
have been selected according to LIGO O1 detector sensitivities fol-
lowing the procedure in Appendix D. Graph is truncated at 50%
abundance for clarity, the control population bin extends to 100%.
ure 10. From this, we may infer suppression of GEODE
remnants with mass in excess ∼5M. Investigation of the
merging population, before application of selection criteria,
continues to support this position. A decreased maximum
mass for remnants is consistent with lower-mass progenitor
objects. This increases abundances and removes the need to
assume rare and large progenitors, which undergo pulsation
instabilities (e.g. Belczynski et al. 2016b).
For the presumably young GEODEs in XRBs, blueshift
will cause negligible deviations from the initial remnant
mass. Young objects with mass in excess of 5M, however,
can still be produced through accretion. The measured av-
erage mass transfer rates in the XRBs of the WATCHDOG
sample4 range between ∼ 10−4 M yr−1 and 1 M yr−1. We
suspect that the local XRB population provides an upward
biased sample of remnant masses.
A remnant population with lower initial masses may also
be consistent with state-of-the-art neutrino-neutron scatter-
ing calculations. Bedaque et al. (2018, Figure 7) find that
Eν > 20 MeV neutrino backscattering is suppressed by at
least 10×, relative to previous estimates. As is well known,
4 This catalog is available online in searchable and machine readable formats
at http://142.244.87.173
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Figure 7. Merger redshift vs. source frame chirp mass for the
NS-NS binary population of de Mink & Belczynski (2015), evolved
to merger assuming NGEODE = 2. Figure axes represent all non-zero
bins. LIGO/Virgo GWTC-1 catalog overlaid with 90% credible in-
tervals (black crosses). Fraction of mergers is encoded by color
(intensity), the total number of events binned is given in the color-
bar label. Populations have been selected (dashed line) according
to LIGO O1 detector sensitivities following the procedure in Ap-
pendix D.
modeling of the general relativistic magnetohydrodynamic
collapse process is formidable. The suppressed backscatter
has not yet been incorporated into state-of-the-art SN col-
lapse simulations (e.g. Vartanyan et al. 2018). Decreased
backscatter, however, is expected (C. Fryer, priv. comm.) to
give a larger mass of stellar material sufficient velocity to es-
cape accretion onto the compact remnant. The final remnant
will then have lower mass.
5. SUMMARY AND OUTLOOK
We have examined the observational consequences of re-
placing all BH stellar-collapse remnants with GEneric Ob-
jects of Dark Energy (GEODEs). These ubiquitous solu-
tions of General Relativity mimic the exteriors of BHs, but
contain DE interiors. Contrary to classical BHs, GEODEs
may intrinsically gain mass via the same relativistic effect
responsible for the photon redshift. This blueshift, embod-
ied in Eqn. (12), supplements and amplifies any mass gained
through typical accretion processes.
Our primary findings are as follows. Population III
GEODEs can grow by factors of ∼100× by redshift z ∼ 7.
This can relieve tension between the observed masses of su-
permassive BHs in quasars at high redshift and their mod-
eled formation timescales. A simple GEODE mass function
model at redshift z < 4, displayed in Figure 1, agrees well
with results from LIGO. This model is built from initially
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Figure 8. Relative abundance vs. source frame mass for the NS-
NS binary population of de Mink & Belczynski (2015), evolved to
merger assuming NGEODE = 1. GEODE population is shown in dark
orange (dark grey), control population evolved with cosmologically
fixed mass is shown in light orange (light grey). Populations have
been selected according to LIGO O1 detector sensitivities following
the procedure in Appendix D. Graph is truncated at 50% abundance
for clarity, the control population bin extends to 100%. Note that
LIGO has not yet observed any BH-NS mergers.
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Figure 9. Merger redshift vs. source frame chirp mass for the
NS-NS binary population of de Mink & Belczynski (2015), evolved
to merger assuming NGEODE = 1. Relative density is normalized
and encoded by color (intensity). Populations have been selected
according to LIGO O1 detector sensitivities following the procedure
in Appendix D. Note that LIGO has not yet observed any BH-NS
mergers.
Salpeter remnant distributions that blueshift proportional to
the RW scale factor a3. Contrast this agreement with the an-
ticipated Salpeter distribution for classical BHs, now in ten-
sion with observation at & 2σ. We predict that a maximum
likelihood fit for model parameter α in Eqn. (18) will repro-
duce the stellar IMF α ∼ 2.3.
The GEODE blueshift naturally produces the large masses
observed in binary BH mergers. Additionally, blueshift in-
duces an adiabatic inspiral of Keplerian orbits that allows
capture of wider binaries. This effect amplifies merger rates
by ∼2×, relative to intrinsically fixed mass compact binaries.
The masses and merger redshifts of GEODE binaries are con-
sistent with LIGO observations without low-metallicty, ab-
normally massive, or primordial progenitors. These results
are displayed in Figures 6 and 7. Current observations pre-
fer an initial spectrum of lower-mass remnants without a gap
after 1.8M, but suppressed above 5M.
A GEODE scenario may lead to observational conse-
quences, which we have not considered in this treatment. For
example, McConnell & Ma (2013) have observed a shift in
intercept of MBH(σ) relations of early-type galaxies, relative
to late-type galaxies. In particular, early-type galaxies have
a larger fraction of total mass within their central BHs. This
behavior is consistent with a GEODE scenario, because the
older object will have blueshifted more.
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APPENDIX
A. GENERIC BHMF MODEL
To develop a model of the apparent BHMF, imagine a collection of GEODEs produced at an instant in time a0. The normalized
distribution of these object’s masses will be given by f (m0, a0), such that
1 ≡
∫ ∞
0
f (m0, a0) dm0. (A1)
Since we are considering only a birth spurt, the total number of objects at any time a is
N(a) =
∫ ∞
0
N(a0)Θa0 (a) f (m0, a0) dm0. (A2)
Here N(a0) is the number of objects produced at a0. Note that the Heaviside step encodes that the objects do not exist before a0.
We assume, consistent with Eqn. (12), that each object produced will grow to the mass
m(a, a0) = m0
(
a
a0
)k
(A3)
at time a, where
k ≡ 3(1 − χ). (A4)
The normalized mass function f (m0, a0) may be rewritten in terms of mass m at time a from Eqn. (A3)
m0 =
(a0
a
)k
m (A5)
dm0 =
(a0
a
)k
dm. (A6)
The total number of objects at any time a becomes
N(a) =
∫ ∞
0
f
[(a0
a
)k
m, a0
] (a0
a
)k
N(a0)Θa0 (a) dm. (A7)
We can now write a mass function for GEODEs at time a, given a birth spurt at a0
dN
dm
= f
[(a0
a
)k
m, a0
] (a0
a
)k
N(a0)Θa0 (a). (A8)
We have expressed our population in terms of the number of GEODEs produced at a0. We may re-express Eqn. (A8) in terms
of the rate of production at a0
dN
dm
=
∫ a
0
N(a′0)δ(a0 − a′0) f
(a′0a
)k
m, a′0
 (a′0a
)k
da′0. (A9)
Our last step is to generalize the burst production rate N(a′0)δ(a0 − a′0) to a continuous production rate Rprod(a′0)
dN
dm
=
∫ a
0
Rprod(a0) frem
[(a0
a
)k
m, a0
] (a0
a
)k
da0. (A10)
This is a general model for the apparent BHMF, when sourced by GEODEs. We have dropped primes for clarity. We emphasize
that frem is the normalized distribution of collapse remnant objects, at the moment of formation a′0.
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B. THE APPARENT BLACK HOLE MASS FUNCTION
It is clear that any GEODE blueshift will powerfully impact the shape of the apparent black hole mass function (BHMF)
NBH(a) ≡
∫ ∞
0
dNBH
dMBH
dMBH, (B11)
where NBH(a) is the number count of BHs at a. It follows from Eqn. (1) that
ρs(a) =
1
V
∫ ∞
0
MBH
dNBH
dMBH
dMBH. (B12)
In other words, the DE density is proportional to first moment of the BHMF, at fixed epoch. In Appendix B, we develop a generic
model of the BHMF, given a population of objects which evolve in mass from birth onward. That model requires a remnant
distribution at birth frem and a remnant production rate Rprod. In this section, we will make simplifying assumptions to arrive at
tractable frem and Rprod.
To estimate Rprod, we will use the mean mass density in stars. The mean mass density of stars ρ∗(a) from Madau & Dickinson
(2014) is a fit to data from z . 8. In this redshift range, we expect the stellar density to track the initial GEODE number and
distribution for two reasons. First, since progenitor stars have cosmologically fixed mass, estimating progenitor production rate
from the mean mass density makes sense. Second, as shown by Fryer et al. (2012), the remnant distribution is determined
primarily by the metalicity of the progenitor. If we restrict our consideration to z . 8, the remnant distribution is essentially fixed
in time relative to the progenitor distribution.
Let the average stellar mass at a0 be
〈m∗(a0)〉 =
∫ ∞
mc
m0 f∗(m0, a0) dm0. (B13)
We may approximate the number of stars in a fiducial comoving volumeV with ρ∗(a0)
N∗(a0) ' ρ∗(a0) V〈m∗(a0)〉 . (B14)
Taking a derivative with respect to time gives
dN∗
da0
=
dρ∗
da0
V
〈m∗(a0)〉 − ρ
V
〈m∗(a0)〉2
d 〈m∗(a0)〉
da0
. (B15)
If we assume that the average stellar mass does not change much, then
dN∗
da0
' dρ∗
da0
V
〈m∗(a0)〉 . (B16)
This expression is our desired approximation for Rprod. We now assume a time-independent Salpeter distribution f∗ for the stars
f∗(m0, a0) ≡ α − 1mc
(
m0
mc
)−α
Θ(m0 − mc), (B17)
where mc is the low mass cutoff. This gives an expected mass
〈m∗〉 = mcα − 1
α − 2 . (B18)
Together, we find
Rprod(a) ' V(α − 2)mc(α − 1)
dρ∗
da
. (B19)
To approximate the normalized remnant distribution frem, we again assume a Salpeter distribution, but with a distinct low mass
cutoff m` and a high mass cap mh
frem(m0, a0) ≡ α − 1
m1−α
`
− m1−αh
Θ [(m − m`)(mh − m)]m−α. (B20)
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Substitution of Eqn. (B17) into Eqn. (A10), followed by substitution of Eqn. (B16) for Rprod(a′0) gives
dn
dm
=
m−αak(α−1)(α − 2)
mc
(
m1−α
`
− m1−αh
) ∫ amax
a(m`/m)1/k
dρ
da0
ak(1−α)0 da0, (B21)
where we have defined
amax ≡ amin
[
1, (mh/m)1/k
]
. (B22)
Note that we have dropped primes and divided off the V. As anticipated, this expression is not correct in magnitude. This can
be seen in the (k,mh,m`) → (0,∞,mc) limit, where computing the average mass with Eqn. (B21) regenerates Eqn. (B14). The
expression is, however, the correct shape when used at times where the collapsed fraction of stellar mass is roughly constant.
Since the collapse fraction is insensitive to metalicity beyond 10−1Z, our model should be reasonable for z 6 3.
C. DISTRIBUTION FUNCTION IN REDSHIFT SPACE
We wish to develop an estimate of the population of candidate merging compact objects. To do this, we must model their
formation, as distributed in time. Unlike traditional compact objects, the observed GEODE population depends crucially on the
formation times of the constituent GEODEs. Thus, we must check systematic effects having to do with a more realistic rate of
progenitor production with a the RW time-uniform assumption usually employed.
Consider the cosmic comoving star formation rate dρ∗/dt, where t is the standard RW time. Since compact objects come from
stellar progenitors, we will use this quantity to approximately track compact object formation. If we assume that the average
stellar mass is not changing too much over the times of interest, we have that
dN∗
dt
∝ dρ∗
dt
. (C23)
We can express this quantity in redshift
dN∗
dz
=
dN∗
dt
dt
da
da
dz
(C24)
= −dN∗
dt
1
H(z)(1 + z)
. (C25)
We are interested in the number of objects formed between redshift z and z+ dz. The comoving volume of this shell in redshift is
dVC(z) ∝ 4piDC(z)2 dDCdz dz (Ωk = 0). (C26)
Here DC(z) is the comoving distance from the present day to redshift z, as defined in Hogg (1999, Eqn. (15)). Putting these
together, we find that
dN∗ ∝ dρ∗dt
DC(z)2
H(z)(1 + z)
dDC
dz
, (C27)
which is our desired distribution. Note that the time-uniform assumption is a simplification of Eqn. (C27), with dρ∗/dt ≡ 1.
D. APPROXIMATE LIGO DETECTOR LUMINOSITY DISTANCE HORIZON WITH EXTREME MASS RATIOS
A coarse approximation of LIGO’s detector sensitivity is given in Martynov et al. (2016, Figure 3) as horizon distance vs.
chirp mass, for equal masses. We reproduce their figure in our Figure 10. This horizon distance is a crude approximation to
LIGO’s actual sensitivities, which smoothly transition to zero around this given function in a complicated way. We use this
binary selection criterion to determine our estimates of LIGO observable populations of binaries. Since a NS-GEODE mass ratio
q ≡ m2
m1
(m2 < m1), (D28)
can easily grow extremely small, in this Appendix, we coarsely extend this horizon estimate to mass ratio q < 1.
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Figure 10. Reproduction of Martynov et al. (2016, Figure 3). Sensitivity cutoff for coalescing compact binaries in aLIGO O1. Assumes the
most favorable detector orientation, head-on observation, equal chirp mass, and a signal to noise ratio of 8.
First, recall from Schutz (2009, Eqn. (9.166)) that the intrinsic bolometric luminosity of a binary inspiral in the linear regime is〈
dE
dt
〉
∝ (m1m2)2(m1 + m2) = m51q2(1 + q) (D29)
where m1 is the primary mass and m2 < m1 is the secondary mass. Relative to an equal mass scenario, we have〈
dE
dt
〉 ∣∣∣∣∣∣
q<1
=
q2(1 + q)
2
〈
dE
dt
〉 ∣∣∣∣∣∣
q=1
. (D30)
Recall that the luminosity distance is defined as
DL ≡
√
L
4piS
(D31)
where S is the bolometric flux and L is the intrinsic bolometric luminosity. Combining these two relations, we find that
DL
∣∣∣∣
q<1
=
q
√
1 + q
2
DL∣∣∣∣q=1. (D32)
In other words, as the mass ratio becomes extreme, the radiated power drops approximately as q2. This causes the horizon
distance to decrease by approximately q.
When we select whether LIGO can see a merger, we first compute the (asymmetric) chirp mass in the source frame. We retrieve
a luminosity distance horizon from Martynov et al. (2016, Figure 3) using the detector frame (redshifted) value of this chirp mass.
We then scale the luminosity distance horizon by q(
√
1 + q)/2. We convert this value to a redshift horizon assuming a Planck
2018 (Aghanim et al. 2018) median value cosmology, and use this to select visible mergers.
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Figure 11. Relative abundance vs. source frame mass for the low-metallicity (Z = 0.1Z) BH-BH initial conditions of de Mink & Belczynski
(2015), evolved to merger assuming that both remnant objects are GEODEs. GEODE population is shown in black (dark grey), control
population evolved with cosmologically fixed mass is shown in sky blue (light grey). LIGO/Virgo GWTC-1 catalog overlaid with Poisson
errors (black crosses). Populations have been selected according to LIGO O1 detector sensitivities following the procedure in Appendix D.
Graph is truncated at 50% abundance for clarity, the control population bin extends to 100%.
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Figure 12. Merger redshift vs. source frame chirp mass for the low-metalicity (Z = 0.1Z) BH-BH initial conditions of de Mink & Belczynski
(2015), evolved without GEODEs (NGEODE = 0).
E. METALLICITY 0.1Z INITIAL CONDITIONS
In this section, we present low-metallicity initial conditions run as NGEODE ∈ {0, 2} systems. Our purpose is to understand
previous arguments (e.g. Abbott et al. (2016); Belczynski et al. (2016a)) that low-metallicity populations could account for the
observed LIGO masses with the CE formation channel. Regeneration of this conclusion provides a useful systematic check on
our study.
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For consistency, we continue to assume a formation rate that tracks the SFR. This will vastly overproduce 0.1Z objects, and
so give very conservative bounds. In Figure 11, the control masses overlap well with LIGO observations. Note that BHBH
initial condition GEODE masses have little overlap.5 In Figure 12, we consider the redshift-chirp distribution for the 0.1Z
control (NGEODE = 0) population. Note that there is continued overlap in redshift-chirp space. This supports the notion that
a low-metallicity progenitor population could produce intrinsically fixed-mass remnants sufficient to explain LIGO’s observed
events.
5 NSNS 0.1Z initial condition GEODE masses are very similar to solar-
metallicitiy GEODEs, so we do not display them
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